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Neutrinoless Double-Beta Decay

• Observation of 0νββ  would mean
! Lepton number violation
! Neutrinos are Majorana particles
! Rate measures (effective) electron neutrino mass

SM 2νββ decay τ ≥ 1019 y 0νββ τ ≥ 1025 y
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The measurable quantity is the half life:
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Cryogenic Underground Observatory  
for Rare Events



Demonstrated 5 keV energy resolution 

•  < 5 keV resolution routinely achieved in our R&D runs.  

•  Obvious temperature dependence.  

•  CUORE’s new cryostat 
–  10 mK base temperature ! higher signal 

–  Independent suspension of the detector array from the 
dilution unit. ! smaller noise 
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Resolution (KeV) at 5.4 MeV 

" T(Work) >15mK" 

" T(Work) < 15mK" 

R&D Runs: CCVR CUORE baseline 

TAUP Asilomar, Sept 11 2013 4 Ke Han (Berkeley Lab) for CUORE 
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750 kg TeO2  =>  200 kg 130Te

Array of 988 TeO2 crystals
" 19 towers suspended in a cylindrical structure
" 13 levels, 4 crystals each 

" 5x5x5 cm3 (750g each)
" 130Te: 33.8% natural isotope abundance

" New pulse tube refrigerator and cryostat
" Radio-purity techniques and high resolution 

achieve low backgrounds
" Joint venture between Italy (INFN) and US (DOE, 

NSF) 
" Under construction (expected start of operations in 

late 2016)
" Expect energy resolution of 5 keV FWHM and 

background of ~0.01 counts/(kg*keV*year) in ROI

CUORE: Cryogenic Underground 
Observatory for Rare Events



09/21/2016 Yury Kolomensky: CUORE and 0νββ 

Cryogenic Bolometers
5

Cryogenic bolometers 

Ultracold TeO2 crystals function as highly sensitive calorimeters

߬ = /ܧ݇/(ܶ)ܥ
)ܥ
ܶ)

Vivek Singh, UC Berkeley 10

Ultra-cold TeO2 crystals function as very sensitive calorimeters 

Copper frame: !
10 mK heat sink!

PTFE holders: "
weak thermal coupling!

TeO2 crystal: "
energy absorber!

Radia%on:))
energy!deposit!

NTD Ge thermistor: "
resistive thermometer!

Si joule heater: "
reference pulses!
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At T=10 mK, energy deposited 
inside a TeO2 crystal by radiation 

produces a measurable rise in its 

temperature!

11 

Cryogenic'bolometers'

Amplitude of temperature pulse is 
proportional to deposited energy!

5 cm 

Cryogenic bolometers 

Ultracold TeO2 crystals function as highly sensitive calorimeters

߬ = /ܧ݇/(ܶ)ܥ
)ܥ
ܶ)

Vivek Singh, UC Berkeley 10

𝜏 = C(T)/G(T) ~ 1 sec

C(T)

𝛥T = E/C ~ 0.1 mK/MeV
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CUORE Detector

August 2016: all towers installed in cryostat
980/988 channels checked out and fully operational (2 more may be operational)
First cooldown expected in November
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Detector Installation
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8

CUORE under construction in Hall A

Gran Sasso LaboratoryGoing underground: LNGS

Laboratori Nazionali del Gran Sasso, Italy
Depth: 3600 meters water equivalent
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Hall A
(CUORE/Cuoricino)

Hall C 
(R&D cryostat)

►  Gran Sasso, Italy!

►  1.4-km rock overburden"

    cuts muon flux by 106!

A B 
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A24 

NE 
13 

LNGS'underground'lab'
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CUORE under construction in Hall A

Gran Sasso LaboratoryGoing underground: LNGS

Laboratori Nazionali del Gran Sasso, Italy
Depth: 3600 meters water equivalent
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Hall A
(CUORE/Cuoricino)

Hall C 
(R&D cryostat)

Shielding: ~3650 m.w.e.
Muons: ~2 x 10-8/cm2-s 
Thermal neutrons: ~1 x 10-6/cm2-s 
Epithermal neutrons: ~2 x 10-6/cm2-s 
> 2.5 MeV Neutrons: 2 x 10-7/cm2-s
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CUORE: Ultimate Performance
Parameter Performance

Average	energy	resolution	for	all	crystals <5	keV	FWHM

Background	index	in	the	DBD	region	of	
interest	(2528	keV	+/-	10	keV) <0.01	counts/(kg*keV*year)

Selection	EfLiciency	>	85% >	85	%

T1/2 sensitivity 0.95×1026 years @ 90% C.L. (5 years)
m𝛽𝛽 sensitivity 50-130 meV @ 90% C.L. (5 years)
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Figure 1: CUORE-0 background-fluctuation sensitivity at 1σ for
two different values of the background rate in the region of inter-
est, 0.05 cts/(keV kg y) (solid line) and 0.11 cts/(keV kg y) (dotted
line), representing the range into which the CUORE-0 background
is expected to fall.

of 0.11 cts/(keVkg y) follows from scaling the Cuoricino
background in the conservative case, described above, of a
factor of 2 improvement in crystal and copper contamina-
tion.

A plot of the expected 1σ background-fluctuation sen-
sitivity of CUORE-0 as a function of live time in these two
bounding cases is shown in Fig. 1. Tab. 3 provides a quan-
titative comparison between 1σ background-fluctuation sen-
sitivities (as shown in Fig. 1), 1.64σ background-fluctuation
sensitivities, and 90% C.L. average-limit sensitivities for
CUORE-0 at several representative live times. The antic-
ipated total live time of CUORE-0 is approximately two
years; for this live time at the 0.05 cts/(keVkg y) back-
ground level, B(δE) ∼ 20 cts, meaning that the Poisson-
regime calculation is really necessary in this case because it
differs from the Gaussian-regime approximation by > 10%
(see Sec. 2.2).

CUORE, in addition to the new crystals and frames
already present in CUORE-0, will be assembled as a 19-
tower array in a newly constructed cryostat. The change
in detector geometry will have two effects. First, the large,
close-packed array will enable significant improvement in
the anticoincidence analysis, further reducing crystal-related
backgrounds. Second, the fraction of the total crystal sur-
face area facing the outer copper shields will be reduced by
approximately a factor of 3. In addition to these consider-
ations, the new cryostat will contain thicker lead shielding
and be constructed of cleaner material, which should result
in a gamma background approximately an order of magni-
tude lower than that in the Cuoricino cryostat. Based
on the above considerations and the Cuoricino results,
CUORE is expected to achieve its design background value
of 0.01 cts/(keVkg y). A comprehensive Monte Carlo sim-
ulation that includes the most recent background measure-
ments is currently ongoing.

An overview of the 1σ background-fluctuation sensitiv-
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Figure 2: 1σ expected background-fluctuation sensitivities for the
CUORE-0 (dotted line) and CUORE (solid line) experiments, cal-
culated from Eq. (9) and Eq. (3) with the experimental parameters
shown in Tab. 2. The Cuoricino 1σ sensitivity calculation (dashed
line) is discussed in Sec. 3.

ities of the Cuoricino, CUORE-0, and CUORE TeO2 bolo-
metric experiments is shown in Fig. 2. The Cuoricino 1σ
sensitivity calculated in Sec. 3 is shown for reference. A
1σ half-life sensitivity close to 1025 years is expected from
2 years’ live time of CUORE-0. Once CUORE starts data-
taking, another order of magnitude improvement in sensi-
tivity is expected in another two years.

A plot of the CUORE experiment’s sensitivity as a
function of the live time and exposure is shown in Fig. 3.
Tab. 4 provides a quantitative comparison between 1σ
background-fluctuation sensitivities (as shown in Fig. 3),
1.64σ background-fluctuation sensitivities, and 90% C.L.
average-limit sensitivities for CUORE at several repre-
sentative live times. The anticipated total live time of
CUORE is approximately five years; for this live time at
the design goal background level, B(δE) ∼ 190 cts, mean-
ing that the Gaussian approximation would still be valid
in this case. The sensitivity values we show in this pa-
per nevertheless differ from those previously reported by
the experiment [16, 17], but this ∼ 25% difference can be
attributed to the inclusion of the signal fraction f(δE),
which has not previously been considered.

As mentioned previously, estimates of the CUORE back-
ground are currently based on measured limits, not mea-
sured values. While there are promising indications that it
may perform even better than its design value of
0.01 cts/(keVkg y), it is also likely that background rates
of 0.001 cts/(keVkg y) or below cannot be reached with
the present technology. Even so, R&D activities are al-
ready underway pursuing ideas for further reduction of
the background in a possible future experiment. Tech-
niques for active background rejection are being investi-
gated [46, 47]) that could provide substantial reduction
of the background. Sensitivities for a scenario with 0.001
cts/(keVkg y) in a CUORE-like experiment are given in
Fig. 3 and Tab. 4.
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Start by end of 2016 !
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US CUORE Collaboration
• Funded by DOE-NP (LBNL, LLNL, UCB, Yale), NSF-

NP (CalPoly, UCB, UCLA, USC), and institutional 
funds (MIT, VT, Yale)

• Separate funding for project and research/operations
• Leadership structure:

❑ US-CUORE Spokesperson: YGK
❑ US Representatives to Executive Board
☞ F. Avignone, K. Heeger, YGK, S. Zimmermann

❑ Each group represented in CUORE Council (BKF, YGK)
❑ US representatives in all scientific boards
☞ Physics Board (L. Winslow), Speakers’ Board (T. Gutierrez,                 

B. Fujikawa), Publication Board (J. Ouellet), Vetting Board                  
(J. Cushman), Council Chair (R. Maruyama)

10
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CUORE LBNL/UC Berkeley Group
11

Lawrence	Berkeley	National	Laboratory	and	UC	Berkeley 
J.	Beeman,	J.	Benato,	D.	Biare,	J.	Camilleri,	L.	DiPaolo,	A.	Drobizhev,	S.J.	Freedman†,	B.K.	Fujikawa,					

E.E.	Haller,	R.	Hennings-Yeomans,	R.W.	Kadel,	Yu.G.	Kolomensky,	Y.	Mei,	S.	Morgan,	B.	Schmidt,	B.	Sheff,	
V.	Singh,	T.	Sipla,	A.R.	Smith,	M.	Turqueti,	S.L.	Wagaarachchi,	J.	Wallig, B.	Welliver,	S.	Yellamilli,																

S.	Zimmermann 
	 	 	 	 	 	 	 	 †deceased 

graduate	student	(x)	 	 		 postdoc	(x)		 																				faculty	(2)	
undergraduate	student	(x)	 	 technical	staff	(x)	 	 staff	(10)	
Total:	xx	 	 	 	 Authors:	xx

NSD Personnel:
  - Group leader, staff scientist: Brian Fujikawa
  - Senior Faculty Scientist: Yury Kolomensky
  - Staff: Yuan Mei
  - Postdocs: Benjamin Schmidt, Bradley Welliver
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US Contributions to CUORE
• Project management: LBNL
• Detector

❑ 503 TeO2 crystals procured @ SICCAS (LLNL, 
LBNL)

❑ ~1500 NTD thermistors (LBNL, UCB)
❑ Detector assembly, integration, and commissioning 

(common): leading role by UCB/LBNL
• Electronics (NSF contribution: USC, UCLA)
• Calibration system (UWisc/Yale)
• Anti-radon system (LBNL)
• DAQ and analysis tools, farm (UCB, LBNL)
• Data analysis (all)
• Slow monitoring (MIT)

12
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LBNL: Installation and Commissioning
• Involved in critical tasks:
• Cryogenics
☞  Cryogenic support, temperature stabilization

•  Detector installation
☞  Tower support team, radon abatement system, clean room

• Online data processing
☞  Online data processing, slow controls

• Early data analysis
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Major Milestones
• Cooldown start: Nov 2016
• Commissioning: Winter 2016-2017
• Early data: Spring 2017
• First results: late 2017
• First CUORE theses 2017-2018

• Full dataset: ~5 years of livetime, ~6 years of 
operations

Expect ~1 FTE onsite from LBNL planned next year 
Requires substantial travel support, especially during installation 
and commissioning
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Science Highlights: CUORE-0
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CUORE-0
16

CUORE

24 

CUORE;0'

►  First tower from the CUORE detector assembly line!

►  52 TeO2 crystals, total mass = 39 kg TeO2 = 10.9 kg 130Te!

►  Purpose:!

1.  Commission assembly line!

2.  Run as standalone experiment while CUORE is being 

constructed, with aim of surpassing Cuoricino!
3.  Validate CUORE detector design!

4.  Provide test bed for developing DAQ & analysis 

framework for CUORE"

!
►  Operating in former Cuoricino cryostat since March 2013!
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Energy Resolution
17

CUORE
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Energy'resolu@on'

►  We evaluate the energy resolution for each bolometer and dataset by fitting the   "
    208Tl photopeak in the calibration data!

►  We achieved the 5 keV resolution goal of CUORE!!

CUORE-0 
Preliminary 

CUORE-0 
Preliminary 

Bolometer;dataset'FWHMs'@'2615'keV'

FWHM'harmonic'
mean'(keV)'

FWHM'dist'
RMS'(keV)'

Cuoricino' 5.8' 2.1'

CUORE;0' 4.9' 2.9'

Weight'FWHMs'
by'corresponding'
physics'exposure'
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Backgrounds
18

CUORE
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Backgrounds'

Experiment! Background rate (counts/keV/kg/y)!

0νββ decay region! Alpha region (excl. peak)!

Cuoricino! 0.169 ± 0.006! 0.110 ± 0.001!

CUORE-0! 0.058 ± 0.004! 0.016 ± 0.001!

CUORE-0 
Preliminary 
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CUORE-0 Background Analysis
19

CUORE

BACKGROUND RECONSTRUCTION 

Blois - May 31, 2016 

16 

Davide Chiesa – University and INFN of Milano-Bicocca 

Stacked histogram showing the contributions to background ascribed to the 
sources in different positions of the experimental setup and to muons.   

0nbb ROI 

Near sources 

Far sources 

“Nearby” sources
“Far” sources

arXiv:1609.01666 
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CUORE-0 Background Analysis
19

CUORE

BACKGROUND RECONSTRUCTION 

Blois - May 31, 2016 

16 

Davide Chiesa – University and INFN of Milano-Bicocca 

Stacked histogram showing the contributions to background ascribed to the 
sources in different positions of the experimental setup and to muons.   

0nbb ROI 

Near sources 

Far sources 

“Nearby” sources
“Far” sources

arXiv:1609.01666 

L. Canonica - Status and prospects for CUORE

Fit spectrum with 2νββ

12

NEMO-3 Collaboration, Phys. Rev. Lett., 107, 062504 (2011). 
C. Arnaboldi et al., Phys. Lett. B, 557, 167 (2003).

CUORE-0: T 2⌫
1/2 = [8.2± 0.2 (stat.)± 0.6 (syst.)]⇥ 1020 y

NEMO: T 2⌫
1/2 = [7.0± 0.9 (stat.)± 1.1 (syst.)]⇥ 1020 y

MiDBD: T 2⌫
1/2 = [6.1± 1.4 (stat.)

+2.9
�3.5 (syst.)]⇥ 1020 y

CUORE-0: T 2⌫
1/2 = [8.2± 0.2 (stat.)± 0.6 (syst.)]⇥ 1020 y

NEMO: T 2⌫
1/2 = [7.0± 0.9 (stat.)± 1.1 (syst.)]⇥ 1020 y

MiDBD: T 2⌫
1/2 = [6.1± 1.4 (stat.)

+2.9
�3.5 (syst.)]⇥ 1020 y

paper in preparation
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CUORE Background Expectation
20

CUORE

L. Canonica - Status and prospects for CUORE

cuore background Budget

13

CUORE GOAL: 0.01 counts/keV/kg/y

      90%CL limit 
       Value

counts/keV/kg/y

CUORE Preliminary

* CUORE-0 bkg model  
* Cosmic activation of Te 
* HPGe and NAA  
* !, ", n fluxes at LNGS

Geometry in the MC simulations was updated to the final CUORE design

CUORE GOAL: 
0.01 cts/keV/kg/y

CUORE Background budget
paper in preparation

CUORE-0 results confirm CUORE background expectations
and ultimate sensitivity
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CUORE-0 0𝜈𝛽𝛽 Fit
21

CUORE
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Systema@cs'

Γ0νββ (130Te) < 0.25 × 10–24 yr–1 (90% C.L., stat.+syst.) 

        (130Te) > 2.7 × 1024 yr (90% C.L., stat. + syst.) 

€ 

T1 2
0νββ

After accounting for systematic uncertainties we report the Bayesian limits: !

5

peak, we determine the yield of 0⌫�� decay events316

from a simultaneous UEML fit [30] in the energy region317

2470–2570 keV (Fig. 3). The fit has three components:318

a posited signal peak at Q��, a peak at ⇠ 2507 keV319

from 60Co double-gammas, and a smooth continuum320

background attributed to multiscatter Compton events321

from 208Tl and surface decays [31]. We model both322

peaks using the established lineshape. For 0⌫�� decay,323

the µb,d(Q��) are fixed at the expected position (i.e.,324

87.015 keV+�µ(Q��) below the µ̂b,d, where 87.015 keV325

is the nominal energy di↵erence between Q�� and the326

208Tl line); the �b,d are fixed to be 1.05 ⇥ �̂b,d; the �b,d327

and ⌘d,b are fixed to their best-fit calibration values; the328

0⌫�� decay rate is treated as a global free parameter.329

The 60Co peak is treated in an similar way except that a330

global free parameter is added to the expected µb,d to ac-331

comodate the anomalous double-gamma reconstruction.332

Furthermore the 60Co yield, although a free parameter,333

is constrained to follow the 60Co half-life [29] since 60Co334

was cosmogenically produced at sea level and is not re-335

plenished underground. Within the limited statistics the336

continuum background can be modeled using a simple337

slowly-varying function. We use a zeroth-order polyno-338

mial as the default choice but also consider first- and339

second-order functions.340

The ROI contains 233 candidate events from341

a total 130Te exposure of 9.8 kg·yr. The re-342

sult of the UEML fit is shown in Fig. 3.343

The best-fit value for the 0⌫�� decay rate is344

�0⌫ = 0.007± 0.123 (stat.)± 0.012 (syst.)⇥ 10�24yr�1,345

the background index in the ROI is346

0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).347

We evaluate the goodness-of-fit by comparing the value348

of the binned �2 in Fig. 3 (43.8 for 46 d.o.f.) with the349

distribution from a large set of pseudo-experiments with350

233 Poisson-distributed events in each, and generated351

with the best-fit values of all parameters. We find that352

90% of such experiments return a value of �2 > 43.8.353

The data are also compatible with this set of pseudo-354

experiments according to the Kolmogorov-Smirnov355

metric. Finally, we observe that none of the positive and356

negative fluctuations about the best-fit function have357

significance greater than 3�, and that the probability358

to observe the largest such fluctuation anywhere in the359

100-keV ROI is ⇠ 10%.360

We find no evidence for 0⌫�� of 130Te and set a 90%361

C.L. Bayesian upper limit on the decay rate using a uni-362

form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at363

�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 1/2
0⌫ >2.8 ⇥ 1024 yr (statis-364

tical uncertainties only). The median 90% C.L. lower-365

limit sensitivity for T 1/2
0⌫ is 2.9 ⇥ 1024 yr. The proba-366

bility to obtain a more stringent limit than the one re-367

ported above is 54.7%. Including the systematic uncer-368

tainties which are described below, the 90% C.L. limits369

are �0⌫ < 0.25⇥ 10�24 yr�1 or T 1/2
0⌫ > 2.7⇥ 1024 yr.370

To estimate systematic uncertainties we perform a371

large number of pseudo-experiments with both zero and372
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FIG. 4. Profile negative log-likelihood curves for CUORE-0,
Cuoricino [16–18], and their combination.

non-zero signal. We find that our UEML analysis has373

negligible bias on �0⌫ . To estimate the systematic er-374

ror from the lineshape choice we repeat the analysis of375

each pseudo-experiment with single-gaussian and triple-376

gaussian lineshapes and study deviation of the best-fit377

decay rate from the positied decay rate as a function378

of posited decay rate. We also propagate the 5% un-379

certainty on ↵�(Q��) and the 0.12 keV energy scale un-380

certainty using this approach. Following [32], we treat381

the choice of zeroth-, first-, or second-order polynomial382

for the continuum background as a discrete nuisance pa-383

rameter in the analysis of each psuedo-experiment. The384

resultant systematic uncertainties are summarized in Ta-385

ble I.386387

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Signal normalization 0.7%

388

389

We combine our data with an existing 19.75 kg·yr ex-390

posure of 130Te from Cuoricino [18]; the ROI background391

was 0.169 ± 0.006 counts/(keV · kg · y), and the mean392

and RMS FWHM energy resolution of the detectors were393

6.9 keV and 2.9 keV, respectively. The profile likelihoods394

are shown in Fig. 4. The combined 90% C.L. limit is395

T 0⌫
1/2 > 4.1⇥ 1024 yr which is the most stringent limit to396

date on this quantity. For comparison, the 90%C.L. fre-397

quentist limits [33] are 2.9 ⇥ 1024 yr for CUORE-0 only398

and 4.3⇥ 1024 yr for the combination with Cuoricino.399

Using [34–49], we interpret our combined Bayesian400

half-life result as a limit on the e↵ective Majorana neu-401

Q𝛽𝛽=2528 keV
60Co
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Combination with Cuoricino
22

CUORE
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Combining'Cuoricino'&'CUORE;0'

Combining the CUORE-0 result with the Cuoricino result from 
19.75 kg-yr of 130Te exposure yields the Bayesian lower limit:!

(130Te) >  4.0 × 1024 yr  (90% C.L.) 

€ 

T1 2
0νββ

CUORE-0 
Preliminary Phys.Rev.Lett. 115, 102502 (2015)
J. Ouellet, Ph.D. thesis, UC Berkeley, 2015
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Beyond CUORE: CUPID

24

CUORE
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CUORE Background Model
25

CUORE

K. Alfonso et al., “Projected background budget of the CUORE experiment”, in preparation

CUORE GOAL: 0.01 counts/keV/kg/y

CL limit  90% 
Value

counts/keV/kg/yr
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CUORE Background Model
25

CUORE

K. Alfonso et al., “Projected background budget of the CUORE experiment”, in preparation

Limiting bkg
for CUORE
(surface 𝛼) 

CUORE GOAL: 0.01 counts/keV/kg/y

CL limit  90% 
Value

counts/keV/kg/yr
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Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a
scintillating crystal follows two channels: light production and thermal excitation.

3. The isotopic abundance can be maximized through enrichment (except for268

48Ca with present technology);269

4. As discussed later in this paper, the background can be minimized with a270

choice of the isotope and by employing active rejection techniques.271

The CUORE experiment represents the most advanced stage in the use of272

bolometers for 0⌅⇥⇥ searches. CUORE will consist in an array of �1000 crystals273

for a total mass of �1 ton of TeO2 and �200 kg of 130Te. It is expected to274

be taking data at Laboratori Nazionali del Gran Sasso (LNGS) in 2015. The275

sensitivity of CUORE will depend on the background level, but will likely be276

near 50 meV [44]. In the future CUORE may lead the way toward a few-ton277

scale experiment capable of either exploring the entire IH region, or making a278

precision measurement of T 0�
1/2.279

3.1. Scintillating bolometers280

In the previous section we enumerated the many advantages of using bolome-281

ters for 0⌅⇥⇥ searches. Among those, we mentioned the possibility to actively282

reject radioactive background via particle identification; this is possible employ-283

ing scintillating bolometers.284

Scintillating bolometers, used in recent years both for 0⌅⇥⇥ [45, 46] and for285

dark matter [47, 48] searches, provide a mechanism to distinguish � interactions286

(which are part of the background only) from ⇥/⇤ interactions (which can be a287

part of both the background and signal).288

10
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CUORE Upgrade with Particle ID (CUPID)

• Next-generation bolometric tonne-scale experiment
• Based on the CUORE design, CUORE cryogenics
• 988 enriched (90%) crystals, PID with light detection

! 4 crystals considered:
#  TeO2 : phonons + Cherenkov detector

#  Options: ZnSe, ZnMoO4, CdWO4 (phonons+scintillation)

• Sensitivity to entire IH region
#CUORE geometry and background model
# Challenge: nearly zero background measurement                                                

background goal < 0.1 events / (ROI ton*year)
#99.9% α rejection @  >90% signal efficiency 
#5 keV FWHM resolution 
#Half-life sensitivity (2-5)×1027 years in 10 years (3𝜎)
#m𝛽𝛽 sensitivity 6-20 meV (3𝜎)

Table 4: IHE characteristics for the di�erent �� candidates. For each isotope we quote the
type of scintillating crystal, the total mass of a 988 5�5�5 cm3 crystal array, the number of
�� candidates, the anticipated number of decays in 5 years (N0⇥��) for both the most and
the least favourable values of FN among those discussed in Section 2.2 for |mee| = 50 meV
and |mee| = 10 meV. We assume a 90% isotopic enrichment in the �� emitting isotope. The
last column is the 5 year sensitivity at 90% CL under the zero background hypothesis (see
Eq. (6)).

Isotope Crystal Mass N�� N50meV
0⇥�� N10meV

0⇥�� 5 y sensitivity
[kg] [cnts] [cnts] [y]

82Se ZnSe 664 2.4�1027 10 - 85 0.4 - 3.4 2.1�1027

116Cd CdWO4 985 1.5�1027 13 - 44 0.5 - 1.8 1.5�1027

100Mo ZnMoO4 540 1.3�1027 12 - 99 0.5 - 4 1.1�1027

130Te TeO2 751 2.4�1027 13 - 89 0.5 - 3.6 2.5�1027

Figure 5: Drawing of the IHE geometry, as implemented in the MC simulation: 988 bolome-
ters (5�5�5 cm3 each) arranged in a close-packed array held by a copper structure, a low
temperature refrigerator made of few nested copper thermal shields, a 10 cm thick internal
copper vessel shields, a 30 cm thick lead disk placed just above the detector, a 30 cm thick
external lead shield, and a 20 cm thick borated polyethylene shield.

16
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CUORE

R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)
White papers: arXiv:1504.03599 & arXiv:1504.03612

Subject of focused R&D effort in next 2-3 years
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CUPID Sensitivity
27

CUORE

The measurable quantity is the half life:
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CUPID Sensitivity
27

CUORE

The measurable quantity is the half life:
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CUPID goal (10 year run) 
mββ < 6-15 meV (90% CL)

CUORE 90% C.L. sensitivity
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Outlook

- CUORE is a major DBD experiment, with a potential to be the 
leader in this field through the end of the decade 
- LBNL is playing a leading role in this and future project

28
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Backup
29
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𝛼/𝛽 Discrimination
• Active background suppression with dual bolometric 

readout (heat+light)
• Technology choice and isotope choice are correlated. 

Complementary, broad program:
! TeO2: detect (faint) Cherenkov signal
# Technology development: US and Europe

#  Pilot measurements: US 
! Scintillating bolometers (ZnSe, ZnMoO4, CdWO4)
# Technology development: Europe and US
#  Pilot measurements: Europe

! Surface/bulk discrimination
# Pulse-shape discrimination with superconducting films 
# Scintillating films

31
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US-CUPID R&D Focus
• 𝛼/𝛽 (or surface/bulk) discrimination
• Improvements in bulk contamination (residual 𝛾 

background)
• Verification of cosmogenic backgrounds
• Demonstration of scalability

#Isotopic enrichment
#Crystal production

• Complementary programs in US and Europe

32

High risk = needed before downselect
Medium risk = important (long lead time)
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Institutions
• ANL: TES bilayers
• Berkeley: LD (TES), 130Te enrichment, radio-

assay
• MIT: scintillating crystals, LD, simulations
• VT: LD, underground infrastructure
• UCLA: LD
• USC, LLNL: 130Te enrichment
• Yale: muon tagger, surface backgrounds
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